The mechanical properties of SiC and AlzO 3 (sapphire) filaments pertinent to the initial design of a metal matrix composite have been documented. The strength contributions of these filaments to a composite were simulated with tensile tests of self-abraded samples. The .trength of virgin SiC filament was found to decrease linearly to about 1100*C (ZO1Z 0 F) and exponentially above this temperature. The abraded strength was found to be constant, as a function of temperature, to about I100°C (2112°F). The loss of high temperature strength was correlated with the reaction between SiC and the fiber's W core. The strength of single crystal sapphire as a function of temperature was determined for both a-and c-axis filaments. Similar tests were conducted on ruby fiber (Cr 2 O 3 doped sapphire). Ruby fiber was found to be significantly stronger than pure sapphire and 'insensitive to abrasion above 500*C (932*F). The strength of ruby fiber as a function of Cr+ 3 content showed that the optimum dopant level has not yet been reached. A filament strength of 250 ksi at 1100°C (2012OF) was predicted for a c-axis fiber with an optimum Cr .. concentration. The use of abraded filament strength to predict the in-situ fiber strength contribution was found to be valid for A1 2 0 3 reinforced Ti. 
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Tensile strength as a function of temperature for both virgin and abraded ADL Cr÷3 doped, a-axis sapphire. 20 13 Young's modulus of TYCO c-axis sapphire as a function of temperature. The modulus of 300 sapphire rods is included for reference (Reference 26). The dotted line indicates second possible curve connecting the dat" points. 23 Introduction Air Force interest in metal matrix composites has-been stimulated by the requirements for materials with high modulus-to-weight and high strength-to-weight ratios for advanced aircraft applications. A great deal of effort in the past few years has been devoted to the identification of new composite systems, their fabrication and their characterization mechanically and chemically. At this time, the number of promising systems has been limited to no more than ten. While there may be a number of variations of each composite system in terms of matrix alloy, the constant denominator in most composites is the reinforcing fiber or filament. There are at present only four basic filaments which are available in sufficieht quantity for study: they are graphite, boron or forsic (R), silicon carbide (SiC), and sapphire (A1 2 0 3 ). In the past, it had been the general practice to evaluate each new composite's potential performance by room temperature tests. This practice was also extended to the filaments where a small number was carefully selected and tested under optimum conditions. A high strength value was taken as an indication of the fiber's contribution to the composite strength when fabricated, assuming that the rule-of-mixtures (ROM) is valid. Un~zrtunately, these predictions were not substantiated by experimentation and composite properties were far below predicted values (1,2). This was'not the fault of the mathematical models such. as the ROM, but rather was due to the lack of mechanical property data on the filaments. Now that more data are available, the earlier results are explainable and the predictions of the mechanical properties of new composite structures are more in line with observation.
The aim of the present work was to determine the mechanical properties, specifically tensile strength and Young's modulus, of commercially available SiC and A1 2 0 3 filaments. It was noted early in I the program that fiber tensile strengths could be degraded by surface damage.. Such damage could result from the abrasion involved in the preparation of a composite preform, surface-to-surface contact of the fit ers and etching due to the reaction between the fiber and the metal I matrix during consolidation and use at elevated temperatures. The loss of filament strength caused by this reaction has been the concern of many investigators and consequently many fiber coating schemes have been devised to preserve fiber integrity (3) . Experiments at the AFML with single crystal sapphire filaments indicated that simple fiber-fiber contact could reduce the room temperature strength to a value approximately half that of the pristine strength (4). It was also noted that this loss in room temperature strength did not affect the filam u '.trength at 1100-C (2112-F) -the project-d use temperature of a nickel base alloy/sapphire composite. Thus a coating to protect this filament was unnecessary from a use temperature strength standpoint.
Since the surfa'ce damage produced by the reaction between the filament and matrix is no less severe than that produced by fiber selfabrasion, it was believed that the tensile strength of abraded filament could indicate the lower bound of in-situ fiber strength in a well bonded composite. A lower bound strength would be indicated because fibers are broken only once in each test,but in-situ fibers usually fracture a number of times before specimen failure, each time with a higher strength. Likewise, the upper bound in-situ strength is indicated by pristine fiber strengths. By monitoring the filament fracturing process via an acoustic emission technique (5), it was noted that the first sapphire fiber breaks in titanium, nickel, and nichrome composites occurred at stress levels approximating the abraded strengths (4). The effective filament strength was somewhat higher -midway between the abraded and virgin strengths. It is interesting to.note that even in a composite where the filament and matrix are thermodynamically stable, i.e., nichrome/A1 2 0 3 , fibers can be degraded. While the surface sensitivity of SiC and A1 2 0 3 has been noted, it has not been observed in boron for only mild abrasion. It has been postulated that this is due to the very large compressive stresses in the outer layers of the fiber (6, 7).
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Other investigators have also noted the surface and in particular the abrasion sensitivity of reinforcing filaments (see Ref 8 for a review).. However, the abraded strength as a function of temperature has not been documented for technologically important filaments (except for c-axis sapphire).
Experiments were conducted at the AFML over the past year to determine the mechanical and chemical properties of polycrystalline silicon carbide and single crystal sapphire filaments and are reported herein. Experiments were performed to elucidate the nature of the strength loss in SiC fibers and to assess improvements in the high temperature -strength of sapphire. While every effort was made to make this document current, work on improving the strengths of both filaments is still in progress and the reported data may soon be antiqaated.
Literature Survey Silicon Carbide
It has long been recognized that silicon carbide (SiC) has many properties that make it very attractive as a composite reinforcement. Silicon carbide is a nearly stoichiometric, therrrn:ly stable compound.
Itis oxidation resistant, has a low density, a high modulus and can be made in either whisker or filament forms having high strengths. Whiskers of silicon carbide are produced by a vapor growth process which produces a hairlike mass of crystals. Fibers, typically 4. 0 to 5. 6 mils in diameter, are made by depositing SiC on a hot W substrate. The resultant fiber consists of a polycrystalline sheath on the tungsten core. Unlike boron filaments, there is very little reaction between the reactant gases and the substrate, and very little internal strains due to the growth process. Thus, the SiC fiber does not suffer from a longitudinal splitting problem as does boron. X-Ray diffraction studies of the filament have shown that it consists mainly of P-SiC deposited preferentially so that the (11]) planes are parallel to the fiber axis (9).
Since SiC is an important refractory material, its mechanical and chemical properties have been studied for some time. The strength of polycrystalline, bulk silicon carbide has been determined by many investigators. Recent experimentation with high purity, dense material has shown that room temperature strengths up to 120 ksi are possible, and that the strength versus temperature curve is nearly flat to about 1200°C (2192 0 F) at which point it begins to fall off gradually (i0). Room temperature tensile strengths of as high as 1500 ksi have been reported for high purity SiC whiskers (11, 12) . The strength of whiskers, as a function of.temperature, .show the .same flat cur'-e as that of the bulk material (13) . This characteristic has also been observed in filamnen'ts (14) . However, in this case, a dramatic ioss of strength resulted L on.? exposa:'e to tempert';,..ý grc-.tr ttln lO0)'C (i632"F). The room tenmerature strength of an origin~al 320 ksi filament was reduce,! to about ksi after a ten minute exposure to 1500°C (2732°F) in an argon atmosphere. Strength losses seemed to be nearly independent of time at temperature, but strongly dependent on the maximum temperature of exposure. Strength degradation was attributed to the A -a transformation of a small amount of material and to the reaction between W and SiC to form a-W 2 C. Recent work with the Ti-6AI-4V/SiC composite system has shown that thermal exposure to 871 °C (1600°F) for 30 minutes (composite diffusion bonding cycle) does not degrade currently available SiC filament (15) . Since Young's modulus (E) of most composite structures is an important design parameter and since a composite's modulus depends linearly on that of the filament, thC modulus of a filament must be known as a function of temperature bef.ie a prediction of composite stiffness can be made. The modulus of bu , SiC, muasured witn an acoustic resonance technique. was reported to decline gradually with increasing temperature to approximately 1000*C (1832 *F) and to decrease rapidly above this point (16) . However, this loss inmodulus above 1000°C (1832°F)has notbeen II observed with high purity SiC for temperatures up to 1500*C (17) . The moduli of some lots of very pure whiskers have been measured at room tempvra~ure and reported to be as high as 100-120 million psi (11, 12). The :.o..m temperature modulus of early SiC filaments was reported to be in the range 60-70 million psi, but no measurements were made as a funion of temperature (14) .
Experiments have been conducted to improve the strength of SiC filaments by doping the growing fiber with boron which limits the grain size (9, 14) . While strengths of 500 ksi and moduli of 65 million psi were achieved, the average strength and modulus of the doped fiber remained low.
Sapphire
The potential of single crystal sapphire reinforced metal matrix composite has been the subject of many investigations (2, 3, 18, 19, and 20) . Sapphire has the advantages of having a high strength in the temperature range 1000°-1300"C (approximately 2000'-Z400°F) anu of being eitLer thermodynamically or kinetically stable in both nickel and cobalt alloys which contain minor additions of interfacially active metals (21) .
Single crystal sapphire can be produced in either the whisker or filament forms with high strengths
The wbis t 'er. -re produced by a vai,•or arwth -ro• s.rhich piocduces a hairlike: mass of crystals.
Oriented single crystal fibers have been produced by both the floating zone and the Edge-Defined Film-Fed (EDFF)( *) growth processes (2Z2, 23). Very long single crystals (typically 4 to 30 mils in diameter) with almost any crystallographic orientation can be grown by either process with high strengths.
Since A1 2 0 3 is a technologically important material, its mechanical and chemical properties have been documented for both .he single crystal and biulk forms. Numerous investigations of the tensile strength as a function of temperature have been reported for single crystal sapphire (4, 24, 25, Z6 and 27) . Most investigators agree that the strength drops to a minimum in the temperature range 250*-600°C (480°-1110"F), increases after this drop and finally decreases after 900°-1000°C (1650 0 -1840*F).
The specific observations depend on crystallographic orientation, strain rate and specimen history. The -A highest strengths for sapphire single crystals have been reported for * Patented process for the growth of oriented crystalline compounds by TYCO Labs, Inc.. Waltham, Massachusetts.
whiskers. Average room temperature strengths of some lots of whiskers can:be as high as 900 ksi (13, 25) . Currently, 0 (c-axis parallel to fiber axis) filament is availal1e with average strengths in the range 400-500 ksi (78).' IL has been the general practice to quote. the very high pristine stren, th of these materials. A' number of investigators, however, have noted that the surface of hard, brittle compounds such as A170 3 is easily damaged via handling aid chemical reaction, as in the case of metal matrix composites, and that this dan lead to substantial strength losses (3,4, 8, Z9, and 30) . In.one study (29) , it was noted that the externt of mechanical damage was very much a function of orientation with the c-axis direction being the most sensitive.
Similarly Recent work has also shown thait the str'ength and thermal shock resis-. tance of polycrystalline A1 2 0 3 can be increased by surface doping (35) . In a manner analogous to most metal systems 300 sapphire rods may also be strengthened by doping with Ti+ 3 ions and then annealing in an.
oxygen atmnsphere to precipitate an as yet unknovr, phase (36, 37) . In this comparatively new area of research only the surface has been scratched and the strength potential of sapphire has not yet been realized.
Experimental' Procedure
The SiC filament used in this study was obtained from both AVCO, Lowell, Mass. and Service Des Poudres, Paris, France. The filament was wrapped on large plastic spools after growth for storage before use. These fibers have a composite structure comprised of a polycrystalline SiC sheath on a W substrate, consist mainiy of P-SiC and have a nominal diameter of'O. 004 in. Both silicon rich and stoichiometric (determined by X-ray diffraction) AVCO filaments were tested.
Sapphire filament was obtained from TYCO, Walthami Mass. and: Arthur D. Little (ADL), Cambridge, Mass. TYCO fiber (Sapphicon(R)), (R) Registered trademark for single crystal sapphire products grown by the Sapphicon*Div. of TYCO Labs, Inc., Waltham, Mass.
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grown by the EDFF process, was coated with an acryloid after growth to protect it from self-abrasion, and stored on spools before use. The filament had a nominal diameter of 0. 010 inch. To obtain uncoated specimens, the acryloid was removed by placing the specimens on a Pt rack and heating to 1000°C (1832°F) in air for approximately two hours.
Spools were sampled in a random manner such that any specimen had an equal probability o being used in any series of tests. ADL fiber was grown by a floating zone technique from feed rods which had a nominal dopant level of 2. 0 weight percent (w/o) Cr. Specimens approximately eight inches long were individually packaged in polyethelene tubes to protect them from self-abrasion. The filament was essentially pore free and had a nominal diameter of 0.011 •inch. Since ADL c-axis samples I were grown under atmospheres containing two different amounts of oxygen, care was taken to ensure that both types of filament were included in each series of tests. The a-axis ADL filament was grown from 6 dif-: ferent feed rods, each having a somewhat different composition, therefore a fiber grown from each feed rod was included in the tests at each temperature. Both a-and c-axis filament grown by TYCO (pure) and ADL (Cr+ 3 doped) were tested. In each case, the crystallographic axis was within 5° of the fiber axis.
The room temperature tensile strengths of both SiC and Al 2 0 3 filar;aent were determined using a tabletop Instron testing machine and the file card specimen holder shown in Figure 1 . In the case of the sapphire, the filament was beaded on each end using a gas-oxygen torch before being cemented in place along the center line of the card. The file card was cut precisely to the dimensions of the grips io keep bending moments to a minimum. The gauge length of the specimens was approximately 6 inches. Elevated temperature tests were performed with the hypodermic needlepivot bearing arrangement shown in Figure 2 . The filaments were cemented into the needles with epoxy. This scl-.;nie allowed the needle to rotate in the bearing, thus reducing off-axis bending moments. Tensile tests were performed on the tabletop Instron machine using a 50 lb load cell and a crosshead speed of 0. 0Z inches/min. For high temperature testing a PtPt, 50% Rh wound tube furnace was attached to the Instron machine in such a' way that it could be swung out away from the grips to facilitate loading of the specimens. The hot zone of the furnace was approximately one inch long. Therefore, the fiber gauge length of elevated temperature tests was assumed to be about one inch. The furnace was controlled to ±2"C with a Pt-Pt, 10% Rh thermocouple cemented to the inside of the tdbe specimen. Once a specimen was threaded through the furnace and positioned in the grips, the furnace was maintained at temperature for ten minutes to allow the filament and furnace to come to equilibrium. Self-abrasion was accomplished by tumbling the filaments in batches of thirty in a tube mill for approximately four hours. Since the SiC filaments tended to stick to the side of the tube mill, presumably due to a static charge, sapphire filaments were added to these batches to mechanically dislodge adhering fibers. Ten specimens were tested at each temperature, except in the case of the a-axis filaments where the amount of material available limited the number of tests to five at each temperature.
Since it is possible to achieve strength increases and a decreased senitiityto abrasion by surface doping, the following experiment was performed. Twenty-five c-axis TYCO filaments were coated with Cr 2 03 by r-f sputtering. These were then annealed in an Ir enclosure for 48 hours at 1700°C (3092°F). The filaments were arranged in such a way that they did not touch and the enclosure sealed to prevent the loss of the volatile CrZO 3 . Tensile tests were performed on these filaments in the usual manner. One batch of five coated filaments was abraded with 20 regular fibers to duplicate the usual treatment. These five specimens were tested at 500°C (932°F) in the usual manner.
The Young's moduli of both SiC and c-axis sapphire filaments were determined by optically monitoring specimen strain as a function of load. The apparatus used in these experiments was built by the Southern Research Institute and is shown schematically in Fi gure 3. Load was monitoretf with the load cell. Total elongation was monitored on a one inch gaur:;e section by tracking the shadows of the flags with the photo cell-servo mechanism shown in Figure 3 . The imaging system provided a ..0 to 1 magnification of the gauge section. Th-separation of the photo cells was measured electrically and recorded as elongation on an x-y record(,:. Since load and elongation were recorded, only cross-sectional area of the filament and gauge length needed to be known to calculate Young's modulus. The gauge length was measured with a cathetometer and the diameter of the filament was measured with a micrometer; both to an acc:uracy of 1 part in 10, 000. A comparison of the methods of calculating the cross-sectional area with a photograph of a sectioned filament and a planimeter showed the calculated area to be within 3% of the measured area. A 17 inch fiber was mounted in a hypodermic needle-aivot bearing arrangement shown in Figure 2 . A 50 lb load cell and strain rate of approximately 0. 002 inches/minute were used for all experiments. The load cell was calibrated with dead weight loading. The strain rate was determined by first calibrating strain read out with I a dilatometer, which was accurate to I part in 10, 000, and second by using a stopwatch to determine the time to reach a definite strain at a fixed loading rate for each fiber. For high temperature tests, a split graphite resistance furnace was placed around the fiber. This furnace was equipped with graphite baffles to give it a 1-1/2 inch hot zone with a temperature variation of ±5*C. Temperature was controlled with a Pt-Pt, 10% Rh thermocouple to within ±l0*C. The thermocouple was approximately 1/4 inch from the filament. A constant flow of purified argon was necessary for all high temperature tests. Once the fiber was in place, the furnace was maintained at the desired temperature for 10 minutes to allow the furnace and filament to come to equilibrium. Most specimens were used at three different temperatures. However, separate filaments were used in experiments which included a room temperature and then a test at one of the five high temperature points, to minimize any strain hardening effects. At least seven separate determinations were made at each temperature.
Results and Discussion

Silicon Carbide
The results of the investigation of the tensile strengths of both Si , but drops off rapidly at higher temperatures. Since the testing in this study was performed in air, some oxidation of the fibers did occur which may have contributed to the strength loss, but this effect was assumed to be small and was not investigated. The strength of stoithiometric filament is much improved over the Si rich material as shown by Figure 5 . Using the usual techniques, an average virgin room temperature strength of 465 ksi was obtained. However, when the abrasion sensitivity of the filament was discovered and care was taken to minimize surface damage during mounting procedures, an average strength of 523 ksi was obtained. This point and the 500"C (932*F) point are connected by a dotted line in Figure 5 , revealing a linear strength versus temperature relationship between room temperature and 1100*C (2012"F). The strength of abraded, stoichiometric filament is also higher than Si rich material. The strength versus temperature curve is constant to 800"C (1472-*F), which is very similar to that of monolithic SiC indicating that similar surface defects lirm-it the strengths in both cases. An examination of the fracture surfaces of abraded filament from room temperature tests indicated that a much higher percentage of failures were initiated at the surface than for virgin filaments, where most failures seem to be initiated at the W core SiC interface. Filaments witb strengths greater than 250 ksi usually failed by shattering. Only rarely does a filament break into two pieces so that the fracture surface may be examined. Therefore, any conclusions drawn from fractography must be viewed with caution.
Room temperature tensile strengths of both virgin and abraded French SiC filament are shown in Table I . Even though self abrasion reduced the average strength, this can be accounted for by the significant loss in only three filaments. This is indicated by the increase in the standard deviation of the abraded filament over the virgin material. In all other cases, the standard deviation of abraded filament is smaller than virgin. Examination of the few fracture surfaces of abraded fibers that were available indicated that most failures were initiated at the core. Chemical analyses of both types of filament showed little differences (38) . So at this time, the reascn .ov its apparent abrasion resistance is unknown and it appears that the French filament would have a higher in-situ strength.
The strength of monolithic SiC decreases only slightly up to 13000C (2372*F), but filament strength drops off rapidly at temperatures above 1000-C (183Z2F). Several experiments were performed to elucidate the nature of this loss in strength. Filaments were annealed for various times in air by hanging a long fiber through a furnace, then -sectioned perpendicular to the fiber axis and examined optically, by X-ray diffraction and in the SEM. Filaments were examined to determine if there had been any oxidation of the W core -none was detected. Previous work with a Ti/SiC composite had shown that a reaction between the core and SiC was easily observable after a Z0 hour anneal at ) 050°C () 92Z2F) (39) . Since this is insufficient time for Ti to diffuse to the core for reactior, the reaction product must ccnsist of a combination of W, Si and C. This reaction layer could not b-duplicated with anneals of single filaments. The reaction between the c'ore and SiC to form &-W C and W Si 3 and the transformation of sorme P-SiC to ce-SiC was detected by X-ray diffraction after 1200°C (Z192°F) in 20 hours. However, the reaction product could not be seen either optically or with the SEM until a fiber had been annealed at IZ00°C (219Z°F) for 128 hours. The extent of this reaction a.: the core is shown ir: Figure 6 . Not only had the core reacted completely, but numerous pores formed at the W/SiC interface. A previous investigator (14) concluded that the P -# a transformation was the primary cause of the strength loss. However, another investigator (38) concluded that the formation of a tungsten silicide (W Si) during growth (2192'F) for 128 Hours would seriously degrade filament strength, presumably due to its higher coefficient of expansion relative to P-SiC, and W, and a-W C. In the present f.ivestigation W 5 Si 3 and r-W 2 C were identified as reaction products between the core and sheath in SiC filament. These are the most reasonable reaction products in light of the W-Si-C phase diagram data (40) . The formation of WSi 2 would seem unlikely from its position in the diagram. Whether the transformation or reaction was the primary "cause of strength loss was not determined. However, it can be concluded that the strength degradation, caused by either or both processes, limits the long time use temperature to less than 700°C (129Z°F) and the short time exposures to temperatures less than 1000°C (1832°F) (as might occur in a metal matrix composite fabrication cycle).
Recent experiments with Ti(6-4)/SiC composites yielded strengths of 147 ksi (15). Calculated filament strength based on a composite failure strain of 5000 micro inches and the ROM was about 230 ksi (15) . This is below the 300 ksi that might be predicted from abraded filament strengths. However, optimum bonding parameters for this composite system have not yet been completely defined. An in-situ strength of I approximately 300 ksi is a more realistic prediction when the abrasion A due to handling and etching (due to the chemical reaction between the reinforcement and matrix) are taken into account than the virgin strength of 500 ksi.
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Young's modulus (E) of stoichiometric filament (AVCO) as a function of temperature is shown in Figv.re 7. The modulus of bulk SiC is ini cluded for reference (16, 17) . The range of moduli at each temperature represent the range of values obtained in this investigation. These data fall between commercially available KT grade and very dense monolithic SiC to 600'C (1112*F) (17) . Above this temperature the modulus-of the filament falls off rapidly, presum'bly as a result of the core-sheath reaction. The modulus of boron filament is also included for comparison (41) . SiC filament has a higher modulus advantage at elevated temperatures, an important consideration in the design of modulus critical jet engine fan blades.
Sapphire
The strengths of both virgin and abraded c-axis TYCO sapphire as a function of temperature have been reported elsewhere (4), but are reproduced here for purposes of discussion (Figure 8 ). The range of strengths at each temperature represent two st,.ndard deviations. The strength maximum at approximately 800*C (1472"F) was not observed since the specimen did not have a reduced gauge section. However, 
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there is a slight but definite increase in the 800°C (129Z°F) strength which probably occurs for the following combination of reasons. The strength of sapphire is a function of both teinperature and the distribution of strength limiting flaws. For this experimental setup.; f!e strength minimum in the temperature range 250°-600*C (482°-I1]2°F) would normally limit higher temperature strengths. HoweverT, this temperature range exists over two short sections of a sample due to the steep thermal gradients of the furnace. Since the p:-,u_'bility of a strength limiting flaw occurring in these low temperaturo zones is less than the probability of the same size flaw occurring in the hot zone, the average 8000C (1292 F) strength should be somewhat higher than the average 500°C (932°.F) strength.
Little is known about the strength of sapphire as a function of crystallographic orientation. The orientation of a high temperature filament is limited to either an a-or a c-axis direction because of the ease of slip on the basal plane (0001) and the necessity of maintaining a zero resolved sAear stress on that plane. For these reasons the strength of a-axis TYCO sapphire was investigated as a function of temperature.
The a-axis filament is somewhat different than c-axis material. The fiber grows in such a manner tb.at its cross section is not round, but has flats in the direction of the c-axis. Also a slight misorientation (as small as 30) of the growing filament will produce surface steps which act as stress risers. The specimens were examined but no steps were noted. Optical examination also revealed that the filament contained many more pores than the c-axis fiber. The results of the strength study are shown in Figure 9 . The a-axis material shows a definite improvement in strength in the temperature range 500°C to 1000°C (932°F to 1832°F). This is most interesting in light of the fact that little work has been done to optimize the growth parameters of this fiber. These data would suggest that the potential intermediate temperature tensile strength of a-axis sapphire is greater than that of c-axis sapphire; however, more will be said of this point later. The use of these fibers would be limited to temperatures less than 1100°C (2112°F), since recent work has shown that a prismatic slip system (jll203<lo00,)is operative at temperatures of 1150°C (2102°F) and above (42). It was expected that V the a-axis filament would be very sensitive to abrasion, in light of previous work with sapphire. However, this does not seem to be the case. The abraded strength was not significantly lower than virgin strength when compareA..wi4h--c-axi-s data;
Previous work has shown that doping the surface of polycrystalline alumina with Cr+ 3 could substantially increase its tensile strength. To determine if a similar effect could be achieved with single crystal Coated TYCO c-Axis Sapphire
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--filament the following experiment was performed. C-axis TYCO fibers which had been-coated with Cr 2 O3 and annealed were tested in the Usual manner. The results are shown in Figure 10 . Not only was there no improvement, but the virgin room temperature strength was degraded to abraded strength levels. The reason for this loss of stiength 'May be explained as follows. It has been suggested that a layer of CrzO 3 deposited by r-f sputtering is usually ýolycrystalline and does not necessarily assume the same crystallographic orientation as that of the substrate (43). If'this occurred in' the above experiment, the grain boundary grooving that occurs during annealing would create stress concentrations in 'the filament surface which would imit strength."
Doping alumina to increase strength, creep resistance, etc.,: has been in use for some time. Therefore, a study was undertaken to document the strength of doped sapphire filament. The results of this study using Cr+ 3 doped, c-axis ADL fiber are shown in Figure 11 . There was essentially no difference between the abraded and virgin strengths at temperatures above 500 9 C (93Z°F). During the, testing it'was noted that one lot of fibers had strengths superior to the average. The strengthý of these fibers are shown with a dotted line in Figure 11 . Spark source mass spectrometric analyses of one of thdse fibers and one with an average strength, are shown in Table II . The higher strength filament had 5 times the amount of Cr,.2.times the amount of Fe (both strengthening elements) and I/Z the aminount of Si (a strength degrading element), as 'did the average strength filament. The magnitude of the increased.tensile ' strength, with small increases in strengthening element concentration, parallels the increased compressive yield strengths of similarly doped sapphire specimens (oriented for yield on the basal plant) in the tern-' perature range I'O00°-1600 C (201Z°-Z912°F) (3l).
Since an-increased strength was noted for pure a-axis sapphire filament in the temperature range 500°-1000°C (932°-1852°F), experimenits were conducted to document the strength of Cr+ 3 doped ADL a-axis filament. Tle abraded strength of a-axis material was measured only at 500 0 C (93Z°F) because there was no difference in abraded and virgin strengths c•. c-axis doped fiber. The results of these experiments are* shown in Figure 12 . The abraded ard virgin filaments again have the % same strengths. The expect'ed increase in strength over c-axis fiber was not observed. The reason for the apparent higher strength of pure aaxis sapphire abid the absence of this effect in doped material is not apparent. It may possibly be due to the different microstructure of the ADL and TYCO fibers. The elastic modulus of c-axis sapphire was determined as a function of temperature as shown in Figure 13 . The modulus of 300 sapphire is included for comparison (15) . The range of values at each temperature represent the range in values determined during this investigation. While the data points may be connected by a straight line, there was a reproducible minimum in the modulus of all specimens tested in the temperature range 200"-600"C (39Z*-1112*F). This minimum has not I! been reported by previous investigators. The modulus of Cr+ 3 doped sapphire was not determined for lack of a suitable specimen. It has been shown to be slightly higher than pure 30* sapphire, by about 4% (15) .
During this investigation care was taken to determine both virgin and abraded filament strengths. This was done because it was felt that in-situ filament strengths would be somewhere between these two strength levels. Indeed, it has been noted by early workers that whisker reinforced composites did not yield strengths in line with predictions made from whisker strength data. Both whiskers and filaments can bc and probably are degraded by most composite consolidation operations. It is known that both contact with substances of equal or greater hardnesses and chemical reactions with the matrix reduce reinforcement strengths. Unfortunately, little data exist with which to compare the abraded strength levels with in-situ strength levels. If, however, the data from a study on the Ti-6AI-4V/A1ZO 3 composite system (20) are. used, along with the model for composite strength proposed by Rosen (44), a comparison can be made. Using the ROM, Tressler and Moore (20) calculated an in-situ filament strength contribution of 270 ksi for a well bonded Ti-6AI-4V/A1 2 0 3 composite. With Rosen's model and the following assumptions an in-situ filament strength contribution of Z60 ksi would be predicted. Thb accuracy of the prediction is surprising.
(1) Assume that the ineffective length (6) of A1zO 3 fibers may be calculated using the Ti-6AI-4V shear modulus of 6. 1 million psi, Young's modulus of c-axis sapphire of 70 million psi and Rosen's model. A 6 of approximately 0. 003 inches was calculated.
(2) Assume that the TYCO fibers have a Weibull strength distribution (this has been verified for most brittle materials).
(3) Assume that the in-situ fibers have been degraded to abraded strength levels with an average strength = Z00ksi and a standard deviation = Z0 ksi. 
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The above model simply put is a method of quantitatively accounting for the fact that an in-situ fiber breaks many times during the composite fracture process, and therefore, the filament strength contribution is above that measured in single filament tests. Observations of fracture surfaces by Tressler and Moore indicate that filaments were fragmented into small lengths supports the first assumption made above. Unfortunately, no appropriate data e.xist for similar comparisons of other A1 2 0 3 reinforced metal matrix composite systems.
Summary and Conclusions
The tensile strength and Young's modulus of both SiC and Al20 3 filaments have been documented as a function of temperature. The properties of currently available SiC filament clearly indicate that its use is limited to the lower temperature matrices such as Al and Ti. While it has a modulus advantage over B filaments, the same cannot be said of its strength. The abrasion sensitivity of SiC filament should be examined closely to point out methods of limiting the severity of the degradation. If this problem can be overcome or at least mollified, the strength contribution of this filament to a metal matrix could be increased and its other desirable properties (oxidation resistance, modulus, etc.) may be taken advantage of.
It has been shown that strength of Cr-+ 3 doped sapphire is superior to undoped material. While a-axis, pure filament has higher intermediate temperature strength, doped c-axis sapphire clearly is stronger and has the greatest strength potential. Unfortunately, only two dopant levels were investigated but the increased st.-ength as a function of concentration showed that the optimum has not yet been reached. A strength of 250 ksi at 1100°C (ZOZ°F) should be easily attainable with ruby fiber. It is significant that this fiber is also insensitive to abrasion and presumably also insensitive to matrix-fiber chemical reactions. This should allow a full utilization of the fiber's strength in high temperature matrices (Ni and Co) where it has a clear advantage over other currently available filaments. Sapphire has the highest modulus as a function of temperature of all the fibers. This property ajone could be significant in the design of modulus critical structures.
The sensitivity of hard, brittle materials to surface damage has been the concern of many investigators. In the past the development of adequate composite models has been hampered by the lack of a description of the strength of in-situ fibers. Rosen (44) was concerned about this unknown quantity in his modeling of a composite's failure processes. 
